ABSTRACT
INTRODUCTION
Cutaneous injury initiates multiple cellular events, including the proliferation and migration of wound-resident cells and the influx of bone marrow-derived cells. Normal wound healing reestablishes the cutaneous barrier function of skin. However, the cellular composition of a healed wound is different than the original uninjured skin (3) . Perturbation of the normal cellular response to injury is known to impact wound healing and underscores the need for a fast and reliable method to quantify cellular composition. Commonly used methods rely on immunocytochemical techniques with direct cell counts on random tissue cross sections (9) . However, this is a difficult and potentially subjective method to quantify cell type and can be very time intensive.
Flow cytometry represents a rapid means of identifying cells in suspension by delineating each cell's size, granularity, and phenotypic marker identified by a fluorophore-tagged cellspecific antibody (1) . Most published protocols that examine skin by flow cytometry are limited to examining the cells in the epidermis, where the matrix is not as dense as the dermis. Obtaining adequate cell yield while preserving cell viability and cell-surface antigens presents the biggest challenge. After examining numerous tissue dispersion protocols (6-8,10), we present our method of tissue dispersion of cells from both the epidermis and dermis.
MATERIALS AND METHODS

Animal Model
All of our animal procedures were in accordance with the Guide for the Care and Use of Laboratory Animals(National Institutes of Health publication no. 86-23) and were approved by the Animal Care Committee of the University of Washington, Seattle, WA. Twenty-four male C57Bl mice underwent wounding as previously described (4) . At predetermined time points (days 3, 7, 10, 14, 22, and 30), four mice from each time point were euthanized, and their wounds were excised and weighed.
Tissue Dispersion
A single-cell suspension was obtained using a modification of the method devised by Sepulveda-Merrill (6). Harvested tissue was cut into 2-mm 2 pieces and incubated overnight at 4°C in 5 mL solution A for each gram of tissue [HBSS containing 1 mg/mL dispase I (Roche Molecular Biochemicals, Indianapolis, IN, USA), 3% heatinactivated FBS, and 10 mg/mL gentamycin (Sigma, St. Louis, MO, USA)].
The next morning, the remaining tissue was removed from solution A and further minced as finely as possible. Twenty milliliters of solution B [RPMI containing 1 mg/mL hyaluronidase I (Sigma), 1 mg/mL collagenase D (Roche Molecular Biochemicals), 150 U/mL DNase I (New England Biolabs, Beverly, MA, USA), and 5 mg/mL gentamycin (Sigma)] were added for each gram of tissue and incubated in a shaking 37°C water bath for 2 h. After 2 h, the suspension was agitated with a 10-mL pipet and combined with solution A. The combined solutions were passed through a 70-µ m cell strainer (Sigma), centrifuged at 250 ×gfor 10 min at 4°C, washed twice in PBS + 2% FBS, and resuspended in 1 mL PBS containing 2% FBS and 0.1% sodium azide. A manual cell count was performed, and cell viability was assessed by trypan blue exclusion. The concentration of the single-cell suspensions was adjusted to 10 6 cells/50 µ L.
Cell Labeling
To minimize nonspecific staining by leukocyte Fc receptors, the cells were incubated with a rat anti-mouse CD16 antibody (10 6 cells/1 µ L) on ice for 30 min (Fc Block ™; BD Biosciences, San Jose, CA, USA). Immune cell surface antigens were identified by the addition of 2 µ L FITC-or phycoerythrin-conjugated antibody (CD45, F4/80, and Gr-1; BD Biosciences) to 10 6 cells and incubated at 4°C overnight on a rocker. The cells were then washed with 1 mL PBS, fixed in 1% paraformaldehyde for 10 min on ice, washed and resuspended in 0.5 mL PBS, and held in the dark until analysis by flow cytometry.
Detection of intracellular antigens requires cell permeabilization. Single-cell suspension aliquots were fixed in 1% paraformaldehyde for 10 min on ice. After PBS wash and centrifugation, we resuspended the cells in Tween ® 20 at 37°C for 15 min. Another PBS wash and centrifugation at 250 ×gwas followed by Fc block, and the concentration of the cells was adjusted to 10 6 /50 µ L. The FITC-conjugated keratinocyte antibody (2 µ L) (K10 or K14; Research Diagnostics, Flanders, NJ, USA) was added to 10 6 cells and incubated at 4°C overnight on a rocker. The next day, the cells were washed with 1 mL 0.2% Tween 20, centrifuged at 250 × g , resuspended in PBS buffer, and held at 4°C, protected from light until flow cytometry.
In a separate experiment, single-cell suspensions (not Fc-blocked) were analyzed for cell death. Staining using propidium iodide (BD Biosciences) was performed, following the manufacturer's protocol. Finally, to set the flow cytometer sensitivity and cut-off parameters for each antibody, we used a negative control of unlabeled cells and isotype-specific fluorophore-conjugated IgG antibody.
Flow Cytometry
The FACScan ™ (BD Biosciences) and WinMDI software version 2.8 (http://facs.scripps.edu/software.html) were used for two-color flow cytometry and data analysis. Excitation was set at 488 nm, and fluorescence detection was set at 530 (for FITC) or 575 nm (for phycoerythrin).
RESULTS
Figure 1 shows the typical yield
The plots in Figure 3 show that we are able to readily identify several inflammatory cell types based on cell surface antigens, including FITC-labeled bone marrow-derived leukocytes (CD45) and phycoerythrin-labeled granulocytes (GR-1). In addition, different subsets of keratinocytes can be readily identified using cell permeabilization and antibodies to intracellular keratins. Keratin 10 is a suprabasal keratinocyte marker, and Keratin 14 is a basal keratinocyte marker. The plots in Figure 4 show the rightward shift in the emission of FITC-labeled keratinocytes, which identifies the different subsets of epidermal keratinocytes in a day 7 wound.
DISCUSSION
Flow cytometry is commonly used for the accurate and rapid determination of circulating cell phenotypes. However, there are no published studies that use flow cytometry to examine cutaneous wound healing. In this manuscript, we present a protocol that extracts cells from the dense collagenrich wound matrix yet preserves cellular antigens to allow rapid identification of cell type.
Initially, we tried several published tissue dispersion protocols but achieved marginal success. We tried simple digestion of minced murine skin with collagenase 1A (200 µ g/mL in HBSS) incubated at 37°C for 4-13 h, which resulted in few cells and 35%-75% cell death. A more gentle protocol, with a decreased concentration of collagenase II (0.2%) containing 0.02% DNase incubated at 37°C for 1 h, followed by 0.15% trypsin blue + 0.02% DNase for 20 min, improved our yield and cell viability but was insufficient for flow cytometry. The addition of dispase I (1 mg/mL) and hyaluronidase I (3%) with overnight incubation at 4°C improved cell yield substantially (4.2 × 10 6 cells/g tissue) and lowered cell death (11% propidium iodide positive by flow cytometry and 9% by trypan blue exclusion).
The protocol we present here can be used for the dispersion of other solid organs to single-cell suspensions, but the incubation times with each protease may have to be altered by trial and error. The concentration of each protease may also have to be adjusted to maximize cell yield with the lowest possible cell death. Most solid organs are not as abundant in collagen and other extracellular matrices as skin and, thus, may not require the extensive overnight digestion. However, we have found that extending the digestion times to overnight does not increase our cell death by more than 1%-2% but increases the cellular yield markedly. The cell yield becomes important when multiple antibodies need to be used with limited tissue samples, with each run requiring an isotype control antibody run. Although we have not shown equal recovery for all cell types because different cells produce different amounts of surrounding matrix, the percentage of each cell type should be interpreted as relative and not absolute. If absolute numbers of each cell type are required, then further optimization of the dispersion protocol may be required for each cell type.
The protocol in this manuscript is a gentle and highly efficient method to prepare single-cell suspensions from both the epidermis and dermis for flow cytometry analysis. Despite excellent yields, this method preserves extracellular, surface, or intracellular antigens. This technique has many potential applications, including the isolation and further study of certain subsets of cells obtained by fluorescence activated cell sorting. Flow cytometry may become the standard for quantifying cell phenotype in cutaneous wound healing studies because of the ease and rapidity of obtaining accurate and reproducible results. 
INTRODUCTION
The discharge of heavy metals into the environment caused by agricultural (4), industrial (1, 26) , and military operations (7) and the effect of this pollution on human health and the ecosystem (16,19) are growing concerns. The recent research in the area of heavy metal removal from wastewaters and sediments has focused on the development of materials with increased affinity, capacity, and selectivity for target metals (17,18,23,32). The use of microorganisms to sequester, precipitate, or alter the oxidation state of various heavy metals has been studied extensively (8) .
Chemical oxidation-reduction, precipitation, adsorption, solidification, electrolytic recovery, and ion exchange are some of the physicochemical wastewater treatment processes that are used for metal removal. However, the application of such processes is sometimes restricted because of technical or 
